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EFFECT OF SOIL MICROTOPOGRAPHY ON SEED BANK
DISTRIBUTION IN THE SHRUB-STEPPE
Jere A. Boudell1, Steven O. Link2, and Jeffrey R. Johansen3
ABSTRACT.—The relationship between soil surface cryptogamic crusts and seed banks was investigated in the shrubsteppe in the Lower Columbia Basin. Seventy-four percent of the seeds in a disturbed bunchgrass community were
found in crevices bordering cryptogamic crust polygons. In a sagebrush/bunchgrass community, 89% of the seeds were
found in crevices. In a disturbed bunchgrass community, Bromus tectorum seeds were found in both the seed bank and
aboveground vegetation communities. Bromus tectorum seeds were located in the seed bank of a sagebrush/bunchgrass
community, although it had a minor presence in the aboveground community. Seeds of Artemisia tridentata Nutt. were
not found in either the bunchgrass or sagebrush/bunchgrass communities. The high number of seeds found in crevices
bordering the cryptogamic crust suggests that crevices play a role in determining the small-scale distributional pattern
of shrub-steppe plants at the Fitzner-Eberhardt Arid Lands Ecology Reserve.
Key words: cryptogamic crusts, seed banks, shrub-steppe, Bromus tectorum, Artemisia tridentata.

the seed bank. They concluded that compact
diaspores (seeds or fruits) and some diaspores
that are both elongated and compact, which
also weigh less than 3 mg, would persist in the
seed bank. Seeds that are relatively large and
those with appendages tend to become part of
the transient seed bank as burial in the soil is
hindered (Thompson and Grime 1979, Baskin
and Baskin 1999).
There has been little investigation concerning the role of cryptogamic crusts on seed
banks or seedling establishment. In undisturbed
shrub-steppe communities, cryptogamic crusts
are common and are composed of water-stable
surface soil aggregates bound by algae, fungi,
lichens, and mosses (Johansen 1993). St. Clair
et al. (1984) concluded that an intact cryptogamic crust enhances seedling establishment in arid ecosystems in Utah. Others have
found that crusts decrease seedling emergence (Schlatterer and Tisdale 1969). Belnap
(1994) reviewed the potential role of cryptogamic soil crusts in semiarid rangelands, concluding that the presence of intact crusts
enhances seedling establishment compared
with uncrusted areas. In these studies the
relationship between cryptogamic crusts and
seeding establishment was investigated in a
comparative manner with disturbed areas
without crusts. These studies did not attempt

Seed banks and their relationship to plant
population dynamics are crucial to understanding the development of plant communities
of desert ecosystems (Kemp 1989). Seedling
establishment is the primary means of plant
recruitment for many semiarid shrub-steppe
ecosystems of western North America (Young
1988). Seed banks in semiarid and arid ecosystems exhibit a high degree of spatial heterogeneity, often containing a highly clustered
distribution of seeds (Nelson and Chew 1977,
Reichman 1979, Kemp 1989). The litter and
upper 2 cm of soil contain 80–90% of the seeds
present within soil seed banks of these arid
ecosystems (Childs and Goodall 1973, Reichman 1975, Kemp 1989).
Seed banks contain both transient and persistent components. The transient component
contains seeds dispersed during the current
year that will not be viable at the onset of the
2nd growing season (Baskin and Baskin 1999).
Current-year seeds that will be viable at the
onset of the 2nd growing season, as well as
viable seeds dispersed in previous years, are
stored in the persistent component of the seed
bank (Baskin and Baskin 1999). Seed size has
been found to affect dispersal of seeds into the
seed bank (Thompson et al. 1993, Baskin and
Baskin 1999). Thompson et al. (1993) investigated seed size as a predictor of persistence in
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to determine the role of crevices bordering
crust polygons on seed bank size.
The impact of crusts on penetration of
seeds into the soil, seed residence in seed
banks, and their eventual germination and
establishment are probably dependent on the
nature of the cryptogamic crust. The crusts at
the Fitzner-Eberhardt Arid Lands Ecology
(ALE) Reserve in Washington are typical of
basin soils throughout the Basin and Range
Province, including both the Columbia and
Great basins. Some soils, typically those with a
Montmorillonite clay component, demonstrate
shrink-swell properties, which commonly establish a vesicular crust with a flattened or roughened surface that forms polygonal crusts upon
drying. When the soil is moist, the polygons
are not evident. These are the types of cryptogamic crusts that generally have been shown
to be beneficial to seedling establishment of
some species, such as the perennial grasses
Agropyron elongatum and Elymus junceus and
the annual forb Ranunculus testiculatus (St.
Clair et al. 1984). Crevices in such crusts appear
to facilitate the establishment of Atriplex seedlings, as one of us ( Johansen) has seen on
numerous occasions in the Great Basin. However, vesicular crusts have been reported to
hinder the establishment of Artemisia tridentata (Eckert et al. 1986). Mack and Thompson
(1982) suggested that the destruction of cryptogamic crust in the shrub-steppe, due to
trampling by large ungulates, has created conditions that are favorable for the establishment
of exotic grasses such as Bromus tectorum.
Schlatterer and Tisdale (1969) found that litter
from the moss Tortula inhibited the germination of Agropyron spicatum but had no such
effects on Stipa thurberiana and Sitanion
hystrix. Zaady et al. (1997) demonstrated that
3 disturbance species, Plantago coronopus,
Reboudia pinnata, and Carrichtera annua, were
all inhibited to some extent by intact cryptogamic crusts in Israel.
Cryptogamic crusts of other regions of the
western United States are very different in
their physical properties and likely affect seed
penetration and seedling germination in very
different ways. The pedicled crusts of the Colorado Plateau and canyon country of Colorado, Utah, and northern Arizona and New
Mexico do not form crevices. Rather, they form
an uninterrupted barrier to seeds, although
the microtopography is considerably more
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irregular and may serve to provide lodging
sites for some seeds (see Johansen 1993, Figures 6, 7). Crusts of the Mojave Desert in
southern California and Nevada are thin, lack
both crevices and microtopography, and frequently subtend a desert pavement of coarse
sands and pea gravel. The crusts we have
observed in the Chihuahuan Desert in southern New Mexico are thin and flattened, lack
crevices, and overtop finer soils high in clay.
The crusts illustrated by Fletcher and Martin
(1948, Figure 1) from the Sonoran Desert in
Arizona are thin, flattened, but more consolidated than those of the Mojave and Chihuahuan deserts, and reportedly peel up in dry
weather, providing potential germination sites
for vascular plant seeds, which show considerable diversity in size and morphology. The
complexity of the interactions between vascular plants and cryptogamic crusts appears to
be greater than early workers realized, and
further work is certainly needed before a
coherent picture will be obtained.
There has been very little investigation concerning the role of crevices bordering cryptogamic crust polygons on seed banks. Eckert
et al. (1986) investigated the role of cryptogamic crust characteristics on seedling establishment in shrub-steppe communities in
Nevada and found varying results depending
on crust characteristics. In big sagebrush communities in Nevada, Artemisia tridentata ssp.
wyomingensis (Beetle) was found to have
greater emergence and survival in crevices
and in heavily trampled crusts of smooth crust
(Eckert et al. 1986). Their findings indicate
that crevices bordering cryptogamic polygons
provide a favorable site for the establishment
of seedlings in a shrub-steppe ecosystem.
Johansen (1993) suggests that crevices in dry
algal crusts confer an advantage to seeds that
fall into such cracks by increasing seedling
establishment as noted by McIlvanie (1942).
While establishment experiments have been
performed, there have been no studies on the
relative numbers of seeds in crevices and
under crust surfaces in shrub-steppe communities. If there are significantly more seeds in
crevices than below adjacent crust surfaces,
then increases in establishment in crevices are
likely caused both by increased numbers of
seeds and the favorability of the site.
The purpose of this study was to test the
hypothesis that the number of seeds present
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in crevices is greater than that under crusts.
The number of seeds in crevices was compared to those under crusts in a fire-disturbed
bunchgrass community and in an adjacent less
disturbed sagebrush/bunchgrass community.
An additional comparison was made between
the communities with respect to the seed
banks of Bromus tectorum (cheatgrass), perennial grasses, and forbs.
SITE DESCRIPTION
The study site (46°39′N, 119°54′W, 390
masl) is on the Fitzner-Eberhardt Arid Lands
Ecology (ALE) Reserve at the Hanford Reservation in southeastern Washington (Fig. 1).
Southeastern Washington has cool, wet winters and hot, dry summers. Most of the precipitation occurs in the fall and winter, with an
annual average of 230 mm at the study site
(Thorp and Hinds 1977, Link et al. 1990).
Soils at the study site are a Ritzville Silt Loam
(19.4% sand, 56.6% silt, 23.8% clay) with a pH
of 6.5 ( Johansen et al. 1993). The fine and
coarse clay is dominated by Montmorillonite
that can form an inorganic, mineral crust
(Wildung and Garland 1988). The soil is covered with a cryptogamic crust composed primarily of lichens, mosses, and algae.
The 2 study areas, designated as bunchgrass and sagebrush/bunchgrass sites, abut
each other. Vegetation of the bunchgrass site is
dominated by Pseudoroegneria spicata (bluebunch wheatgrass), Bromus tectorum, Poa sandbergii (Sandberg’s bluegrass), and Crepis atribarba (slender hawksbeard). The sagebrush
site is dominated by Artemisia tridentata Nutt.
(big sagebrush) shrubs and the grasses Pseudoroegneria spicata and Poa sandbergii. Most of
these species disperse their seeds from July
through August except P. sandbergii, which
disperses its seeds from May through June,
and A. tridentata, which disperses from November through December (Rickard and Vaughan
1988).
Cryptogamic crust covers most interspaces
between plants (Figs. 2, 3). In the bunchgrass
site the cryptogamic crust is predominantly
smooth with some rough features present. The
sagebrush/bunchgrass site has both smooth
and roughened polygonal crusts (Figs. 2, 3).
The study sites are identical to the ones used
by Johansen et al. (1993) in their investigation
of the effects of range fire on cryptogamic crusts
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and their recovery. The investigation revealed
that both the unburned and burned study sites
have a very high algal species diversity, with
82 and 74 taxa, respectively ( Johansen et al.
1993). Chlorophytes (green algae) dominated
the algal component of the crust, with Cyanophytes (blue-green algae) also contributing
significantly ( Johansen et al. 1993). The unburned sagebrush/bunchgrass site was found
to have a higher number of Cyanophytes and
Xanthopytes than the burned bunchgrass site
(Johansen et al. 1993).
Several types of disturbances account for
the differences between study sites. Fire eliminated Artemisia tridentata from most of the
study area during August 1984 (Rogers and
Rickard 1988). The soil was mechanically disturbed in places during fire-fighting. Where
A. tridentata previously dominated both sites
before the fire, bunchgrasses now dominate
with islands of A. tridentata intermixed. As a
result of these disturbances, Bromus tectorum
borders and exists in bands in the bunchgrass
and sagebrush/bunchgrass sites. Cattle grazing
has not occurred at ALE since the 1960s.
MATERIALS AND METHODS
The study site is 40 m × 20 m, half of which
is the previously burned bunchgrass community and the other half the unburned big sagebrush/bunchgrass community. We used a random numbers table to select 12 plots (1 m2)
within each community. Within each plot, we
randomly selected a polygon site within the
interspaces between plants by tossing a pen.
Crevices define the boundaries of the crust
polygon. The crust core was also randomly
selected by tossing a pen into the crust polygon. A crevice bordering each crust polygon
was chosen for paired comparisons between
crust center and crust crevice. The section of
the crevice located closest to the crust core
was sampled.
We collected litter and soil samples in 1994
on 7 and 11 July, respectively. Although most
of the common species had dispersed their
seeds, the seeds had not yet germinated. Sampling at this time of year captured both transient and persistent species contained within
the seed banks of the study sites.
The day before the soil samples were extracted, we dampened the soil to help maintain sample integrity. After clearing the soil
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Fig. 1. Map of the Hanford study area.

surface of any potential seed contaminants, we
extracted soil cores using a 2-cm-diameter soil
probe. The core diameter was determined to
be the correct size to capture crust crevice
samples. Four soil cores were taken in each
plot, 2 in the crust and 2 in crevices. Cores
were taken from depths of 0–1 cm and 1–3
cm. Samples were stored in a freezer until we
could process them.
Seeds from each of the litter samples were
tallied and identified separately. Seeds of
species located at the study site were collected
from plants on ALE to aid in identification of
seeds in the seed bank. It was very difficult to
identify some forb and grass species from seed

specimens. However, Bromus tectorum seeds
were easily identified, and grass seeds were
easily distinguished from forb seeds. For data
analysis, we grouped seeds into forb, grass, or
B. tectorum categories. Artemisia tridentata
was the only woody species present on the
study sites. Seed bank samples did not contain
sagebrush seeds; therefore, we did not include
a woody species category. Specimens are stored
at the U.S. Department of Energy’s Hanford
Reservation on ALE.
Seeds were separated from the soil cores
using the extraction method of Malone (1967).
Malone’s solution was prepared for samples
ranging from 100 to 500 g. A salt solution con-
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Fig. 2. Cryptogamic crust at the sagebrush/bunchgrass site.

taining 3.25 g sodium hexametaphosphate,
1.625 g sodium bicarbonate, and 8.125 g magnesium sulphate was used to extract each core
sample 3 times. To extract the heaviest soil
sample (18 g), we found it necessary to use 65
mL of salt solution. After extraction onto filter
paper, seeds were tallied and identified. Partially decomposed seeds were discarded. The
extraction method, tested with known numbers of seeds mixed in soil, recovered 70% of

the seeds. Corrections were not made on the
data collected.
Data were analyzed using an analysis of
variance (ANOVA) model:
Yijklm = Ai + C(i)j + Tk + Dl + ATik + ADil +
CT(i)jk + CD(i)jk + CTD(i)jkl + E(ijkl)m, (1)

where Y is the number of seeds cm–2, A is the
area (sagebrush/bunchgrass, bunchgrass), C is
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Fig. 3. Cryptogamic crust at the bunchgrass site.

crust nested in area, T is treatment (crevice,
crust), D is depth (0, 0–1, 1–3 cm), and E is
error. The surface area of the soil core is 3.14
cm2.
To determine if a significant difference
existed between paired crust and crevice samples, we combined depth data within each plot
and tested the difference between mean numbers of seeds cm–2.
Data were analyzed using JMP version

2.0.2 software (Sall and Hecht 1991). Hypotheses were tested at the α = 0.05 level using
ANOVA and both paired and Student’s t tests.
RESULTS
The full ANOVA model given in equation 1
was tested and insignificant interactions and
main effects eliminated, yielding the reduced
model:
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Yiklm = Ai + Tk + Dl + ADil + E(ikl)m, (2)

described in Table 1. The area, treatment,
depth, and interaction between area and depth
were all significant sources of variation.
With respect to area, 70% of the total seeds
found in both seed bank sites were located in
the burned bunchgrass site. We found an average of 4902 seeds m–2 in the bunchgrass site
and 1799 seeds m–2 in the sagebrush/bunchgrass site. Variability was high, with a range of
0–14 seeds and 0–5 seeds per 6.3 cm2 sampled
in the bunchgrass and sagebrush/bunchgrass
sites, respectively.
We found a significant difference (P =
0.004) in seed density between crevices and
crusts in the sagebrush/bunchgrass site (paired
Student’s t test, Table 2). Eighty-four percent
(27/32) of seeds in the seed bank at the sagebrush/bunchgrass site were found in crevices.
There was not a significant difference (P =
0.09) in seed density between crevices and
crusts in the bunchgrass site (Table 2). Seventy-five percent (56/75) of seeds in the seed
bank at the bunchgrass site were found in
crevices. In the bunchgrass site, variability
was high (sx– = 0.53) compared with that in the
sagebrush/bunchgrass site (sx– = 0.16). This
variability is due to 2 observations in the
bunchgrass data where differences in seed
density between the paired crusts and crevices
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were large. The 2 observations impacted the
outcome of the data analysis considerably, and
we could not detect a significant difference.
The litter and 1st cm of soil contained over
80% of the seeds at both the sagebrush/bunchgrass and bunchgrass sites. The relationship
between depth and seed density is given for
crusts and crevices in the sagebrush/ bunchgrass site and the bunchgrass site in Figures 4
and 5, respectively. There was little effect of
soil depth on seed density in both crusts and
crevices at the sagebrush/bunchgrass site (Fig.
4). However, there was a decrease in seed
density with increasing depth in crevices at
the bunchgrass site, with an average of 0.9
seeds cm–2 in the litter layer, 0.5 seeds cm–2 at
0–1 cm, and 0.1 seeds cm–2 at 1–3 cm in depth
(Fig. 5).
When seeds were grouped into categories
of Bromus tectorum, perennial grasses, and
forbs, we observed significant differences between the bunchgrass and sagebrush/bunchgrass sites. In this analysis seed numbers in
crust and crevice locations were averaged to
provide one value for each of 12 plots in the 2
sites. Seed density of B. tectorum was significantly greater (P = 0.04) in the bunchgrass
site than in the sagebrush/bunchgrass site
(Fig. 6). There was no significant difference (P
= 0.26) in perennial grass seed density
between sites. There were significantly (P =

TABLE 1. Analysis of variance of the effect of area, treatment, depth, and the interaction of area and depth on the number of seeds cm–2.
Source

df

Sum of squares

Mean squares

F ratio

Prob > F

Model
Error
C Total

4
123
127

6.88
36.03
42.92

1.72
0.29

5.88

0.0002

df

Sum of squares

F ratio

Prob

2.84
2.76
1.27
1.40

9.69
9.41
4.33
4.77

0.0023
0.0027
0.0396
0.0308

EFFECTS
Source
Area
Treatment
Depth
Area * Depth

1
1
1
1

TABLE 2. Mean number of seeds cm–2 in paired crevice and crust samples, the mean of the difference between the
two, and the probability of the difference being significant. The error term is 1 standard error of the mean (n = 12).
Area
Bunchgrass
Sagebrush/Bunchgrass

Crevice

Crust

Crevice-Crust

Prob

1.49 ± 0.36
0.72 ± 0.15

0.50 ± 0.34
0.13 ± 0.06

0.98 ± 0.53
0.58 ± 0.16

0.088
0.004
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Fig. 4. Mean seed density as a function of depth under
crust surfaces and in crevices in the sagebrush/bunchgrass
site. Each dot represents 12 samples. Error bars are 1
standard error of the mean.

Fig. 5. Mean seed density as a function of depth under
crust surfaces and in crevices in the bunchgrass site. Each
dot represents 12 samples. Error bars are 1 standard of
the mean.

0.04) more forb seeds in the bunchgrass site
than in the sagebrush/bunchgrass site (Fig. 6).
Most B. tectorum seeds were found in crevices
in both the sagebrush/bunchgrass (88%) and
bunchgrass (84%) sites (Fig. 7). Ninety percent
of perennial grass seeds were found in
crevices in the sagebrush/bunchgrass site;
none were found in crevices in the bunchgrass
site (Fig. 7). At least 65% of forb seeds were
found in crevices in both the sagebrush/bunchgrass and bunchgrass sites (Fig. 7). There were
no Artemisia tridentata seeds in either bunchgrass or sagebrush/bunchgrass site seed banks.
Common vascular plant species and categories
represented in the seed banks of both areas
were B. tectorum, Erigeron species, Poa species,
unknown forbs, and unknown grasses. Achillea
millefolium was common in the bunchgrass
site, but absent in the sagebrush/bunchgrass
site.

some seedlings, including A. tridentata, regularly establish in crevices bordering cryptogamic crust polygons (Eckert et al. 1986,
Harper and Marble 1988, Young 1988). The
patchiness of desert vegetation may be due to
the clumped distribution of seeds (Kemp 1989).
Crevices are partially responsible for the
clumped distribution of seeds in the desert
seed banks at ALE.
The higher quantity of seeds in crevices, as
opposed to the smaller quantity of seeds found
in the seed bank beneath the cryptogamic
crust, could be due to the nature of crusts.
Cryptogamic crust provides little opportunity
for seedling establishment, as the crust can act
as a barrier (Harris et al. 1987, Harper and
Marble 1988). Results of our investigation
support the hypothesis that crevices bordering
cryptogamic crust polygons function as a collection site for seeds.
The majority of seeds found in the seed
bank, regardless of crevice or crust location,
were found within the litter and 1st cm of soil.
This pattern concurs with findings of other
investigations of desert seed banks (Childs
and Goodall 1973, Reichman 1979). The average number of seeds m–2 found in both bunchgrass and sagebrush/bunchgrass sites is lower
than that found in hot deserts, but it is higher
than the average number of seeds m–2 found
in a study conducted in a Great Basin desert

DISCUSSION
One main finding of this study was that
most seeds were found in crevices. The larger
quantity of seeds found in crevices of both
bunchgrass and sagebrush/bunchgrass sites suggests that crevices play a role in determining
the small-scale distributional pattern of desert
vegetation at ALE. Although we found no
Artemisia tridentata seeds in the seed bank,
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Fig. 6. Mean seed density as a function of seed type for
the 2 sites. Error bars are 1 standard error of the mean.
Means with differing letters within each seed type category are significantly different.

Fig. 7. Percent Bromus tectorum, perennial grasses, and
forbs located in crevices at the sagebrush/bunchgrass and
bunchgrass sites.

in Utah (Hassan and West 1986, Leck et al.
1989). Perhaps the lower seed density in the
seed bank is due to fewer numbers of annuals
in Great Basin Desert ecosystems (Kemp 1989).
The seed bank at the burned bunchgrass
site contained a higher quantity of seeds than
the relatively unburned sagebrush/bunchgrass
site. More forb seeds were found in the bunchgrass seed bank, with most seeds located in
crevices. The few perennial grass seeds that
were found in the seed bank were located
under the crust. Bromus tectorum dominated
the bunchgrass seed bank, with over 60% of
the seeds, a common outcome in shrub-steppe
seed bank studies (Young and Evans 1975,
Hassan and West 1986, Crist and MacMahon
1992). This investigation found that the majority of B. tectorum seeds were found within
crevices surrounding cryptogamic crust polygons. Bromus tectorum also had a significant
presence in the aboveground community at
the study site. Fire disturbance of the bunchgrass site could explain the higher quantity of
seeds, and specifically the high abundance of
B. tectorum in the seed bank. The crust is
patchy in this area, allowing opportunistic plants
to establish in the interspaces between crust
patches (Rickard and Vaughan 1988). Seeds
from these plants might find their way into the
seed bank of crusted areas in the bunchgrass
site through zoochory (animal vectors).

Most forb and perennial grass seeds were
located in crevices in the bunchgrass/sagebrush site. Bromus tectorum dominated the
seed bank of the sagebrush/bunchgrass site,
although it had a minor presence in the aboveground community. The dispersal of B. tectorum seeds into the sagebrush/bunchgrass site,
most likely from neighboring bunchgrass communities, may explain the large presence of B.
tectorum in the seed bank of this site. Over
90% of the seeds were found within crevices
surrounding the cryptogamic crust polygons.
This pattern supports the hypothesis that a
well-developed crust could prevent the exotic
B. tectorum from dominating aboveground
shrub-steppe communities (Mack and Thompson 1982). Seeds of B. tectorum have awns and
are slightly elliptical, which are traits that
characterize transient seeds (Thompson and
Grime 1979, Davis 1993, Baskin and Baskin
1999). In field studies B. tectorum seeds have
been found to be short-lived (Mack and Pyke
1983). However, with a source population
nearby and a strong presence in the transient
seed bank, if the sagebrush/bunchgrass site
were to experience a significant disturbance,
destroying the cryptogamic crust, the opportunity would exist for B. tectorum to establish
and eventually dominate the community.
The absence of Artemisia tridentata seed
from the seed banks in both bunchgrass and
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the sagebrush/bunchgrass sites suggest its seeds
are transient in nature (Crist and MacMahon
1992). Hassan and West (1986) also observed
few seeds of A. tridentata in the seed bank
despite the relative high cover of the species
at their study site in Utah. Artemisia tridentata
seeds disperse in December at a time when
the seed bank is virtually devoid of A. tridentata seed (Young 1988). It is possible that A.
tridentata seeds germinated, decomposed, were
eaten, or were killed by fungal pathogens before July when we sampled (Crist and Friese
1993). The lack of A. tridentata seed in the
seed bank may help to explain its slow rate of
reestablishment after fire.
CONCLUSIONS
We found more seeds in crevices than
under crusts. This suggests that the smallscale distributional pattern of desert plants at
ALE is, in part, a function of surface soil/cryptogamic patterns. A well-developed cryptogamic crust with crevices will provide sites for
seeds to collect and may encourage a higher
germination success rate compared with areas
without crevices. Intact, relatively undisturbed
cryptogamic crust may also help prevent the
establishment of Bromus tectorum.
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